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c RADIATIVE HEATING RESULTS FROM THE FIRE 11 FLIGHT EXPERIMENT 

AT A REENTRY VELOCITY OF 11.4 KILOMETERS PER SECOND* 

By Dona L. Cauchon 
Langley Research Center 

SUMMARY 

The results of the F i re  11 radiation experiments on a blunt Apollo-shaped reentry 
package indicated values of stagnation radiative heating rate  that for the flight conditions 
at peak heating, a r e  predictable by existing theory. The results of ground-facility exper- 
imentation are compared with the F i re  data. Changes a r e  suggested in the existing 
empirical relationships for nonequilibrium radiative heating associated with early 
reentry. 

The radiation-limiting phenomena of truncation, collision limiting, absorption, and 
radiation cooling, and the coupling between the radiative and convective modes of heating 
a r e  analyzed from the standpoint of the Fire experiment. The stagnation radiation data 
present strong evidence of the dominating influence of near- infrared atomic line contri- 
butions for conditions through the time of peak heating. Significant radiation from 
vacuum-ultraviolet sources was indicated from a combined analysis of the calorimeter 
and radiometer experiments. 

INTRODUCTION 

Project F i re  was a flight experiment designed to measure reentry heating at  hyper- 
bolic velocities. Two flights have been made along the Eastern Test  Range with reentry 
in the vicinity of Ascension Island. Each flight provided for the launch of a powered 
spacecraft mounted on top of an Atlas D launch vehicle. After separation from the launch 
vehicle and orientation to the inertial reentry attitude, the spacecraft coasted to a point 
approximately 4000 nautical miles downrange. At an altitude of about 300 kilometers 
(1 X 106 feet), the reentry stage was spin-stabilized and the Antares 11 motor sep- 
arated from the guidance components and ignited to provide a reentry speed of the order  
of 11.4 kilometers per  second (37 000 feet per second). The 84-kilogram (185-pound) 
reentry package was then separated from the spent motor, which in turn was tumbled to 
increase its aerodynamic drag. The data-gathering portion of the flight w a s  considered 



to begin at an altitude of 122 kilometers (400 000 feet). The results of the f i rs t  flight 
experiment (Fire I) have been reported in references 1 to 4. 

The prime experiments of Project Fire included calorimeter measurements of total 
heating to the body surface and direct measurements of the gas radiance from the shock- 
heated air surrounding the reentry package. From the standpoint, particularly, of the 
radiation experiments, the second flight was considered highly desirable. The deduced 
Fire I stagnation radiative heating ra tes  had favored the lower bound of theoretical pre- 
diction, but certain aspects of that experiment had caused some concern over the reli- 
ability of the results. Specifically, the interpretation of the F i r e  I data was immensely 
complicated by the presence of rather severe body motions and considerable telemetry 
noise and signal dropout. 

The purpose of this report is to present the radiation data and deduced radiative 
heating rates for the Fire I1 experiment. Strong emphasis is placed on the stagnation 
heating rates and how these compare with theoretical estimates and the results of the 
Fire I experiment. The radiation measurements a t  the other radiometer locations are 
also discussed. 

Corrections made to the radiometer data a r e  given in appendix A. An e r r o r  
analysis of the F i re  JI data is given in appendix B. Analyses of the data obtained outside 
the prime data periods a r e  discussed in appendix C. 

SYMBOLS 

B A 

D 

dO.l 

dP 

E 

Et 

Fcl 

Planck black- body intensity 

F i re  body diameter, meters 

relaxation distance, centimeters 

excitation distance, centimeters 

1 flow energy, -p,vW3, 2 watts per  centimeter2 

radiation intensity, watts per  centimeter3 

collision- limiting factor (completely collision limited when FCz = 0; no 
collision limiting when FCz = 1) 

spectral transmittance of inconel neutral density f i l ters  in radiometer C a l i -  
7 ' a!SaJk -ic-, 

bration setup 



h 

I 

Ir" 

k 

m 

N 

n 

P 

L 

b 

rn 

- 
altitude, kilo mete r s (feet) 

estimated gas steradiancy for flight conditions, 
watts per  centimeter2-steradian 

radiation steradiancy at reentry-package surface, 
watts per  centimeter2 -steradian 

radiation steradiancy measured a t  flight instrument, 
watts per centimeter2 -steradian 

radiation steradiancy at flight instrument adjusted by results of postflight 
calibration analysis in appendix A, watts per  centimeters2- steradian 

shock geometry factor (assumed equal to 0.84 for F i re  experiments) 

spectral transmittance of radiometer acceptance lens (or lenses) 

density- scaling exponent 

number of windows in equation (A2) 

velocity- scaling exponent 

pressure,  newtons per  meter2 (pounds force per foot2) 

heating rate, watts per  centimeter2 

convective heating rate, watts per  centimeter2 

local radiative heating rate, watts per centimeter2 

mean radiometer response 

spectral reflectance of radiometer beam splitter (or aluminum mirror)  

radius at corner, meters  

body nose radius, meters  
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S 

S C  

T 

TX 

t 

v 

CY 

At 

AX 

6 ne 

distance from geometrical stagnation point measured along surface of - 
reentry package, meters 

distance from geometrical stagnation point to corner measured along surface 
of reentry package, meters 

temperature, OK 

spectral transmittance of quartz optics in radiometer calibration setup 

time, seconds 

velocity, kilometers per second (feet per second) 

absorptivity 

reentry time from 122 kilometers (400 000 feet), t = 1617.75 seconds; 
seconds 

wavelength interval, microns 

shock standoff distance (calculated to account for nonequilibrium gas effects), 
centimeters 

h wavelength, microns ( l p  = 1 X 10-6 meters) 

P density, kilograms per  meter3 (pounds mass  per  foot3) 

0 deviation 

7 transmittance of fused quartz windows 

Subscripts : 

a,b flight conditions used in scaling analysis 

a1 atomic line radiation 

Be beryllium (calorimeter material) 
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cal 

cent 

e 

flt 

mc 

mean 

ne 

0 

off 

ref 

st 

std 

t 

a 

x 

2 

03 

calibration 

continuum radiation 

pertaining to equilibrium conditions 

flight 

molecular plus continuum radiation 

mean value 

pertaining to nonequilibrium radiation 

sea- level atmospheric conditions a t  Ascension Island reentry area 
(To = 297.6O K (533.7O R); po = 1.178 kg/m3 
po = 1.012 X l o5  N/m2 

(7.345 X 10-2 lbm/ft3); 
(2113.61 lbf/ft2)) 

corresponding to offset radiometer location 

reference conditions (T,,f = 2?3.15' K (491O R); pref = 1.295 Bg/m3 
(8.073 X 10-2 lbm/ft3); pref= 1.014 X 105 N/m2 (2117.69 lbf/ft2)) 

stagnation region 

sea-level conditions for  1962 Standard Atmosphere (Tstd = 288.15' K 
(518.67O R); pstd = 1.225 kg/m3 (7.647 X 10-2 lbm/ft3); 
pstd = 1.013 X 105 N/m2 (2116.22 lbf/ft2)) 

pertaining to total stagnation radiative heating rate including equilibrium 
and nonequilibrium components and corrected for truncation and collision- 
limiting effects 

total angle of attack 

wavelength 

equilibrium condition behind shock 

free-stream conditions for flight 
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EXPERIMENT DESIGN 
8 

Experimental Objectives and Design Concept 

One of the primary objectives of Project F i re  w a s  to define the radiative heating 
environment associated with the reentry of a large-scale Apollo-shaped vehicle at a 
velocity of 11.4 kilometers per  second (37 000 feet per  second). In the concept of the 
Fire  experiment, it was planned to measure directly the incident radiation steradiancy 
using onboard total radiometers. These instruments would view the gas radiation 
through fused quartz windows. A calorimeter experiment was  also included in the 
scheme. The calorimeter's response to the convective plus absorbed radiative heat flux 
would be used in conjunction with the independent radiation measurements to deduce the 
convective heating component. In addition to its primary function, the calorimeter would 
also maintain the clean environment necessary for the radiometer experiments. 

Because no single window o r  calorimeter material could survive the F i re  reentry, 
the reentry package was constructed with a layered forebody consisting of three beryl- 
lium layers that served as separate calorimeters during the experiment. These layers 
were interspersed with three phenolic-asbestos heat shields. Quartz windows were 
mounted in each forebody layer to provide an optical path to the gas cap for the radiom- 
eters. The reentry package is shown in figure 1. In figure 2 a r e  indicated the radiom- 
eter  locations and the window arrays. With the use of the separate calorimeters, the 
reentry was broken down into three discrete experimental periods. The early reentry 
heating was monitored by the first beryllium layer until it reached i ts  melting tempera- 
ture. Provision was made to expose, respectively, the second and third calorimeters 
at about the time of peak heating and during the time of decreasing heating. The f i rs t  
two heat shields provided heat protection for the last two calorimeters until their des- 
ignated exposure times. The third heat shield positioned behind the third calorimeter 
served to insulate the main body of the reentry package and to protect it in case the last 
calorimeter melted. 

Radiation Measurements 

Total radiometers.- Direct measurements of the gas radiance from the hot plasma 

(See figs. 1 and 2.) The 
surrounding the reentry package were obtained with onboard radiometers. Total radi- 
ometers were placed at  three locations in the reentry package. 
word "total" indicates integrated broadband measurements without spectral  selectivity; 
the wavelength range covered by each of these instruments was from 0.2~ to 4 . 0 ~ .  The 
radiometer sensors were gold-black flakes mounted on thermopiles. The acceptance 
optics included a focusing lens which imaged the source radiation upon the sensor. A 
reflecting MgF2-coated aluminized mir ror  (or beam split ter  in the case of the stagnation 
radiometer) served to direct  the energy from the lens to the sensor in the tightly 
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packaged instrument. The three total radiometers used in the experiment exhibited a 
dynamic response of approximately 3 decades of intensity (0.1 to 100 W/cm2-sr) without 
instrument saturation. The field of view of these instruments w a s  about 100 (total 
hcluded angle). The radiometers contained logarithmic amplifiers with direct  signal 
output to the prescribed telemetry link for ground readout. The output of the radiometers 
was continuously monitored (not commutated), with provision for periodic inflight 
checking of the telemetry zero and full-scale signals. 

One total radiometer was positicned to view the radiation to the afterbodjj; a second 
was positioned to view the radiation at  a location on the spherical front face that was off- 
set  from 16O to 20° from the geometrical stagnation point (the angle varied slightly with 
the particular calorimeter exposed); and the third instrument was positioned to monitor 
the intensity of the gas at the stagnation point. The low wavelength cutoff for the total 
radiometer experiments w a s  dictated by the fused-quartz windows through which the 
radiometers viewed the plasma radiation. The transmittance of this quartz is given in 
reference 1 as a function of temperature and wavelength. 

Spectral radiometer.- A spectral radiometer, which shared some of the acceptance 
optics with the total radiometer, was also positioned a t  the stagnation location. This 
instrument was designed to monitor spectrally the 0 . 2 ~  to 0 . 6 ~  wavelength range with a 
resolution of 0.0041-1 (40 angstroms). A distinguishing feature of the spectral  radiometer 
was a rocking diffraction grating, the motion of which alternately traversed the 0 . 2 ~  to 
0 . 6 ~  spectrum of the gas cap in back and for th  directions on successive scans. Optical 
alinement difficulties, however, limited the scans in the Fire 11 experiment to an analysis 
of the following spectral ranges: forward scan, 0.3000~ to 0 .5575~ ;  reverse  scan, 
0 .6090~  to 0.3000~. The spectra obtained from this instrument have been integrated to 
provide a measure of total radiation over these wavelength ranges. The individual 
spectra themselves a r e  being evaluated separately and a r e  not included in this report. 

Calorimeters.- In the original concept of the F i re  experiment, it had been planned 
to deduce the convective heating by subtracting the measured radiation (adjusted for 
calorimeter absorptance) from the calorimeter flux. Such a determination, however, 
was not possible in that not all the gas radiance incident at the calorimeter surface was 
"seen" by the radiometers. (Early theoretical estimates (refs. 5, 6, and 7) had indicated 
that the gas radiance from the stagnation region of the shock layer in front of the Fire  
reentry package would consist almost entirely of radiation between 0 . 2 ~  and 2 . 0 ~ .  How- 
ever, more recent estimates of this energy (refs. 8, 9, 10, and 11) indicated that signifi- 
cant levels of radiation could be expected in the spectral  region below 0 . 2 ~ .  For  the 
plasma conditions associated with the Fire  reentry (7000O K < T2 < 11 500° K and 

< p2/pref < l O - l ) ,  the theory does not indicate any significant radiation a t  wave- 
lengths longer than 2.0p.) The results of the Fire 11 calorimeter measurements 
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published in reference 1 2  a r e  further analyzed in the present paper to draw some con- 
clusions with respect to radiation at wavelengths too short to be transmitted by the radi- 
ometer window material. The curve of spectral  absorptance for the beryllium calorim- 
eters ,  which was included in references 1 2  and 13, is shown in figure 3. Of particular. 
significance is the strong absorbing quality of the beryllium at the lower wavelengths 
(A < 0.2~) where it becomes very sensitive to radiation. 

When reduced according to the original plan, therefore, the data from the F i re  II 
experiment assume a new connotation in that the two main ingredients for analysis a r e  
essentially: (1) the measured radiation above 0.2~ (total radiometer experiment) and 
(2) the combined contribution of convective heating and the absorbed radiative heating 
below 0.2~ (difference between the calorimeter heating rates  and the radiative heating 
rates from the total radiometer experiment adjusted for calorimeter absorptance). 

EXPERIMENTAL RESULTS 

Total Radiometer Data 

Data record.- Figure 4 shows the stagnation, offset, and afterbody radiation inten- 
sity data obtained by the three total radiometers. These data, which represent the ste- 
radiancy levels at the instruments Ir" (that is, behind the window arrays) ,  a r e  plotted 
against the elapsed time from launch. They were reduced from the original telemetry 
record by converting the analog voltages to steradiancy units by using the preflight cali- 
brations for  the three instruments. These records a r e  intended solely as indicators of 
the general heating histories at the various body locations. Effects of small  body 
motions and significant events such as the heat-shield ejections may also be appreciated 
from these reduced data. The steradiancy levels indicated in figure 4 a r e  not, however, 
final values. Adjusted steradiancy values Ir' were obtained during each data period by 
using the methods and correction factors presented in appendix A. These corrections 
were deduced from the results of a postflight program which was designed to obtain more 
complete optical data on the various components of the radiometers and the associated 
calibration equipment. 

As previously indicated, the forebody radiometer experiments were broken up into 
three discrete periods during the reentry. The outermost windows of the arrays,  which 
were exposed to the direct heat from the hot flow field, were critical components in these 
experiments. The deduced heating rates  were used in an iterative manner to determine 
the temperature distributions in these exterior windows. These distributions allowed, 
in turn, for proper consideration of temperature and spectral effects on window trans- 
mission. The duration of each radiometer experiment was estimated from this same 
procedure; the experiment was considered terminated when the calculated surface tem- 
perature of this outer window reached i ts  melting point (approximately 1920° K). The 
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radiometer signals did not indicate any marked increase o r  decrease after the computed 
window melting time. A condition of partial transparency persisted perhaps for some 
time thereafter, but it was not considered practical to attempt a calculation of these 
effects and expect reasonable accuracy. Based on the measured afterbody heating rates 
(ref. 14), the outer quartz window for that radiometer should have survived the entire 
reentry. 

The data for the three total radiometers shown in figure 4 a r e  continuous over the 
entire reentry period from 1628 to 1652 seconds. Because these data represent the ste- 
radiancy levels behind the window ar rays  measured a t  the instruments, they include not 
only the radiation levels measured during times when clean calorimeters and windows 
were exposed, but also data obtained during the times when the windows may have soft- 
ened o r  melted, and when ablation products from the protective heat shields may have 
contaminated the flow field. Also indicated in figure 4 are the time intervals during 
which it was  estimated that the radiometers had clearly viewed clean shocked air uncon- 
taminated by ablation products. The lengths of these intervals represent the useful win- 
dow lives prior to window surface melting which were calculated by the procedure out- 
lined in the preceding paragraph; these time intervals essentially define the three data 
periods for the radiation experiments. (The times denoted in ref. 12 for the calorimeter 
experiments are considerably longer.) The starting times for the intervals representing 
the second and third experimental periods were determined from telemetered diagnostic 
mformation which indicated the approximate moment of each heat- shield ejection. These 
two ejections were determined to have occurred, respectively, at 1642.47 and 
1648.18 seconds (elapsed times from launch). It may be noted that these two times a r e  
0.35 second and 0.65 second later than the ejection signal times given in the Fire  11 
trajectory report (ref. 15) for the second and third data periods, respectively. Each 
difference represents the finite time interval between the eject signal and the actual 
withdrawal of the phenolic heat shield which uncovered the clean calorimeter and radi- 
ometer window. 

The telemetry records for the Fire  11 experiment were greatly improved over 
those for Fire I. There were 110 signal dropouts or telemetry noise to obliterate or  
distort the Fire 11 data. Modest body motions were experienced, but they were much 
less severe than those exhibited during the Fire I reentry where the close-proximity 
passage of the spent velocity package was  estimated, because of shock interactions, to 
have contributed to the more violent high-amplitude motions. 
Maximum total angles of attack of about 5O and 100 were calculated to have been experi- 
enced, respectively, in the second and third data periods during the Fire  11 reentry. The 
frequencies of these motions were approximately 8 cycles/second and 12 cycles/second, 
respectively, in these last two data periods. The effect of the motions on the stagnation 
radiometer data are only mildly observable. (See fig. 4.) To adjust for these body 

(See refs. 1, 15, and 16.) 
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motion effects, the stagnation steradiancies during the second data period were smoothed 
by fairing across the peaks of the oscillations. This adjustment reduced the data to 
values essentially representative of conditions for 0' angle of attack. The coning type 
of motion (see refs. 1 and 16) experienced during both F i re  reentries was such that the 
resulting steradiancies indicated by the offset radiometer record (on a spinning reentry 
package) were in the form of unsymmetrical oscillations. This condition made it diffi- 
cult to determine intensity levels accurately from that record which indeed reflected the 
true steradiancies for that position corresponding to a Oo angle-of-attack entry condition 
The radiation intensity a t  the offset radiometer location, which for the Oo angle-of-attack 
condition has fundamental value, was determined by choosing points in that trace which 
corresponded to t imes at  which the stagnation record indicated peak values (or approxi- 
mately 00 angle-of-attack conditions). 

The accuracy of the data from the three forebody radiometers is estimated to be 
between 20 and 35 percent. The details of the e r r o r  analysis a r e  presented in 
appendix B. 

Although the afterbody radiometer appeared to be functioning, since it responded to 
sporadic bursts of radiation attributed to calorimeter melting and the heat-shield ejec- 
tions, the general level of radiation was apparently below its response threshold. This 
threshold level appeared to have shifted from the original calibration level corresponding 
to a heating rate of 1W/cm2 to one corresponding to a minimum of 2W/cm2. This 
assessment was based upon the maximum qr,aft/qr,st ratio deduced from the F i re  I 
experiment . 

Calculated radiative heating rates.- The reduced steradiancies from the two fore-  
body radiometers were converted to radiative heating rates  by using the relationship: 

where k, a geometric factor to account for the curved shape of the shock front, was 
chosen, as in reference 1, to be 0.84 and Ir represents the adjusted radiometer ste- 
radiancy (see appendix A) corrected for  window transmission, that is, 

Ir = Ir'/T (2 1 
where T is the wavelength-averaged transmission of the quartz window a r ray  and 
includes a consideration of the attenuating effects of temperature. 

The assumptions inherent in equation (1) a r e  those of a transparent isothermal 
shock layer and a concentric shock near the stagnation region. The transparent gas 
approximation is considered valid for the'shock-layer radiation in the spectral  range 
covered by the radiometers, that is, between 0.21-1 and 4.0~. The geometry of the shock 
layer associated with the Fire  reentry package is such that the maximum path length 
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between any radiating particle in line of sight of the stagnation point and the stagnation 
point is less than 20 centimeters. The longer path lengths are ,  however, l ess  influential 
b.ecause of the oblique viewing angle involved. On the basis of recently published air- 
radiation tables (ref. ll), path lengths up to 20 centimeters in the Fire environment 
would not be conducive to strong self-absorption in the gas cap at wavelengths longer 
than 0 . 2 ~ .  Self-absorption is covered in greater detail in subsequent sections of this 
report. Although the steradiancy conversion factor 277k used in equation ( l j  is a good 
approximation for stagnation conditions, i ts  use in reducing the offset radiometer values 
may reflect some inaccuracies. These inaccuracies would result primarily because of 
deviations from concentricity of the shock and flow-field homogeneity near the corner of 
the blunt Fire reentry package. 

The calculated forebody radiative heating rates ir,st and qr,off deduced from 
the final adjusted steradiancies Ir,st and Ir,off are presented in figure 5. The ste- 
radiancies were deduced from the fairings of the original total radiometer steradiancy 
data as discussed in the previous section. 

Fire  I data scaling.- In order to compare the results of the Fire I and Fire 11 
experiments, the Fire 11 stagnation heating rates that were deduced from the total radi- 
ometer data and which were shown in figure 5, are repeated in figure 6. The Fire I 
stagnation results a r e  also included. It should be noted that the Fire  I radiative heating 
rates used in this report differ from those presented in reference 1 by the instrument 
calibration corrections shown in appendix A. Differences in the atmosphere, flight-path 
angle, and velocity, and changes in the timing of the heat-shield ejections furthermore do 
not allow for a direct comparison of the data from the two flights on a reentry time o r  
altitude basis. As a result, the Fire I radiative heating rates for the second and third 
data periods shown in figure 6 have been adjusted in order to reflect not only the instru- 
ment calibration corrections outlined in appendix A, but also to include the effects of 
scaling flight velocity and ambient density from the Fire I to the Fire  11 conditions. The 
scaling method of reference 13, which utilized the relationship 

with matching on reentry time from 122 kilometers, was simplified by matching the 
Fire I and Fire IT trajectories on ambient density. This simplification reduced the den- 
sity term in equation (3) to unity. The behavior of the velocity-scaling exponent n over 
the portion of the reentry characterized by predominantly equilibrium radiation was 
determined by using the theoretical values of radiative heating (A > 0.21.1.) from refer- 
ence 11. That is, at the Fire  I ree a and P ~ , ~ ,  the' theoretical 
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stagnation equilibrium radiative 
Similarly, at the Fire 11 reentry 

heating rate ir,a w a s  determined from reference 11, 
conditions to which it w a s  desired to scale the F i re  I 

results, v,,b and p m,b (butwhere Pm,b = P w , ~  as the matching parameter),  theo- 

retical values of i r , b  were determined. From these results, values of n were 
determined for the entire range of reentry conditions by using equation (3). The 
resulting variation of n with ambient density is indicated in figure 7. 

The Fire  I radiative heating ra tes  (X > 0 . 2 ~ )  for the second and third data periods 
were scaled to F i re  11 velocities in figure 6 by using the relationship indicated in fig- 
ure  7. This relationship for the velocity-scaling exponent n w a s  doublechecked for 
verification by a calculation similar to that outlined above in which the F i re  I1 data were 
scaled to the Fire  I conditions. It is also interesting to note that an identical scaling 
analysis using the theory of reference 8 for X > 0.2,u, which does not consider the near- 
infrared atomic line radiation, produced the same velocity- scaling relationship. 

Additional scaling calculations in which the Fire  I and Fi re  11 velocities were 
matched indicated a constant value of m equal to 1.7 to be a reasonable approximation 
of the density-scaling exponent over the range of velocities from 7.5 to 11.3 kilometers 
per  second (approximately 25 000 to 37 000 feet per  second). It should be noted that in 
using the Fire trajectories to determine the velocity-scaling relationship in figure 7, 
the data were defined by a unique combination of velocity and ambient density conditions 
and should not be considered to be a generalized curve. 

The validity of the results of the scaling procedure was dependent upon the accu- 
racy to which the Fire  trajectories and atmospheric data were determined. The Space 
Physics Research Laboratory, University of Michigan, which reduced the sounding data, 
estimated the accuracy of the Ascension atmosphere to be 15 percent for pressure and 
density, and l t 5 O  K for temperature. The trajectories were determined from an inhouse 
computer program (refs. 4 and 15) which simulated the blacked-out portion of the reentry 
between the radar-measured segments obtained before loss of the tracking beacon signal 
and after it was reacquired. Altitude and velocity, as determined from the tracking 
radar, were estimated by the Eastern Test  Range to be accurate within *30 m and 
*8 m/sec, respectively, for the portions of the trajectory bracketing the F i re  heating 
experiment . 

Scaling the first  data period results by the aforementioned techniques is probably 
not too reliable because of the nonequilibrium condition of the reentry package shock 
layer during most of that period. These Fire I data, as a result, have not been scaled 
in figure 6. The data have been matched instead on ambient density and a converse 
approach used - that of determining the velocity-scaling exponent n from the two se ts  
of flight data. The density was  particularly appropriate as the matching parameter at  

1 2  



these flight conditions because of the apparently strong density-dependent truncation and 
coilision-limiting effects estimated for the early portion of the reentry. 

Integrated Spectral Radiometer Data 

Heating rates determined from integrations of the scans of the spectral radiometer 
steradiancy data and adjusted for window transmission and shock shape effects have been 
included in figure 5. The heating rates obtained from the forward and reverse scans are 
indicated separately. Instrument sensitivity zt the low steradiancy levels led to con- 
siderable scatter in the data during the first experimental period. 

I 

I 

1 

ANALYSIS AND DISCUSSION 

I General 

In reference 1, the Fire I results were compared with estimates based on several 
prominent equilibrium radiation theories (refs, 5, 6, 7, and 8) and empirical nonequilib- 
rium relationships (refs. 17 and 18). The continual assessment of hot-air radiation, 
however, has resulted in new and revised theories (refs. 9, 10, and 11) in which the level 
and structure of the equilibrium radiation have considerably changed. Vacuum- 
ultraviolet radiation (X < 0.2p) ,  consisting of both continuum and atomic line contribu- 
tions, is now estimated to provide a strong influence on reentry heating. For the Fire  
environment, radiation from near-infrared atomic lines is estimated (ref. 11) to be 
greater than that from other radiating sources at X > 0.21.1 at the peak heating condi- 
tions. The radiation-limiting effects of self-absorption and radiation cooling have 
received considerable attention and theories on the associated coupling effects between 
the radiative and convective modes of heating are  being advanced. The Fire  I results 
showed that nonequilibrium radiation appeared to be reasonably predictable up to Fire  
velocities by the method of reference 18. Also, the effects of the radiation-limiting 
phenomena of truncation and collision limiting for early reentry conditions at  these 
velocities appeared to be predictable by the methods discussed in references 1, 17, 
and 18. 

In this section of the report, the Fire 11 results a r e  evaluated from the standpoint 
of the aforementioned theory. Comparisons between the Fire 11 and the Fire I results 
and ground-facility experimentation a re  also made. Because of the changing nature of the 
radiation and the different radiation-limiting phenomena that operate at particular times 
during the varying conditions of reentry, each data period is analyzed separately as a 
unique experiment. The emphasis is on the stagnation experiments. However, the off- 
set  radiometer results and forebody distributions a r e  also covered. The radiation level 
incident at the afterbody total radiometer was generally too low to be recorded, and is 
not discussed further. 
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P O  

First- Data- Period Experiment 

Experiment conditions.- The first-data-period experiment consisted of obtaining 
measurements of radiation steradiancy at two locations on the forebody of the Fire 
reentry package. These steradiancies obtained a t  the previously defined stagnation and 
offset positions were then converted to heating rates  by using the methods outlined in the 
section "Experimental Results." The starting and ending conditions for the continuous 
stagnation experiment were: 

pw /PO pw /pstd 
Elapsed A1 t itud e, Velocity, 

km (feet) km/sec ( fps) Condition 

Starting 1631.30 83.75 (274 800) 11.37 (37 312) 8.88 X 10-6 8.52 X lom6 
Ending 1636.47 69.80 (229 000) 11.30 (37 060) 8.60 X 8.25 X 

time, 

(The starting conditions for  the radiation experiments of this data period were essentially 
governed by the threshold sensitivity of the radiometers.) Pr ior  to t = 1634 seconds, 
the stagnation flow field and the radiation therefrom were estimated to be in a wholly 
nonequilibrium state. At t = 1634.2 seconds, it was indicated from calculations based 
on the method and data of reference 17 that do 1 = 0.756ne, the criterion chosen by Page 
and Arnold (ref. 18) a t  which to define incipient truncation a t  the stagnation region. After 
this time, the shorter excitation and relaxation t imes in the shock-layer flow and attend- 
ant decrease in nonequilibrium zone thickness gave rise to increasing contributions from 
equilibrium sources. By 1636 seconds, the equilibrium radiation was indicated by the 
theory to be contributing about 70 percent of the total stagnation radiative heating at 
wavelengths longer than 0.21-1. On the basis of theoretical estimates, therefore, the 
first-data-period stagnation experiment spanned from a condition of wholly nonequilib- 
rium flow to one of strong equilibrium influence. 

The results of this f i rs t  data period for Fire 11 a re  indicated in figures 5 and 6. 
The density-matched first data period results for Fire I a r e  also included in figure 6. 
At t <, 1634 seconds, the radiation-limiting effects of truncation and collision limiting 
were estimated to provide significant attenuation of the base radiative heating rates 
(that is, rates predictable from the empirical nonequilibrium estimates of ref. 18). 
These predicted effects based on the F i re  II trajectory a re  indicated in table I. The 
probable effect of radiation cooling on the stagnation radiative heating rate during the 
latter par t  of the first data-period experiment is discussed in a subsequent section of 
the report. The radiation-limiting analyses for the f i rs t  data period a r e  restricted 
primarily to the wavelength range, X > 0.21-1. 

Truncation and collision limiting.- The single "solid" theory line denoted in fig- 
ure  6 for the early reentry (up to t = 1634 seconds) includes the estimated truncation 
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effect on the nonequilibrium levels based on reference 18. The untruncated nonequilib- 
rium radiative heating rate for  this constant-velocity time period was  indicated by the 
density- independent relationship of reference 18 to be 15.2 watts per centimeter2. 
hthough other radiation- limiting (or radiation- enhancing) phenomena, such as nonequi- 
librium radiation cooling, absorption of energy in the free stream, etc., may be con- 
tributing at these early flight conditions, the theory in these areas has not been suffi- 
ciently developed at this time to allow for any realistic appraisal of their effects. In 
the absence, therefore, of any such quantitative information, the ratios of the measured 
Fire II radiative heating rates to the radiation theory for h > 0 . 2 ~  (adjusted as indicated 
for truncation) during the first data period were taken to be a measure of the collision- 
limiting effect. Similar ratios were calculated between the Fire I results and the theory 
for the Fire I entry conditions (see ref. 1). These ratios have been expressed in the 
form of collision-limiting factors FCz in this report. 

The Fire I heating rates in figure 6 a r e  indicated to be between 2 and 3 times 
higher than the levels of the Fire  II experiment. By the nature of the calculations, the 
collision-limiting factors for the two flights were affected in a similar manner. These 
factors are shown plotted against ambient density ratio p,  p 0  in figure 8. It should be 
emphasized that this collision-limiting effect indicated by the Fire data was established 
solely on the basis of measurements obtained at wavelengths longer than 0 . 2 ~ .  In addi- 
tion to the calculated values of FCz for the two Fire flight experiments, two points 

l resulting from shock-tube experiments (ref. 17) on one moiecular-band system (N2' 
first negative) at a velocity of 5.5 km/sec a re  also included in figure 8. Up to the time 
of the Fire experiments, these low-speed data were essentially all that were available on 
collision limiting. The flight data from the Fire experiments were actually continuous; 
the discrete points indicated by the symbols in figure 8 a r e  samplings of those data. 
(It may be noted that the Fire  I collision-limiting trace differs slightly from that indi- 
cated in reference 1. This variation resulted in part  from the change in measured 
radiation levels occasioned by the application of the radiometer calibration corrections 
presented in appendix A. As a result, the Fire I trace in figure 8 supervenes that of the 
reference 1 report. The trace was additionally influenced by the fact that the actual 
Fire I stagnation radiometer data were used in the calculations of these collision-limiting 
factors. In reference 1, because of the uncertainty concerning the relative levels indi- 
cated by the two forebody radiometers, an average fairing between the data f rom these 
two instruments had been used. In the Fire  I calculations in this report, values of FCz 
were not allowed to exceed a value of 1.0.) 

in figure 8 after t = 1634 seconds (pw/p0 = 3.16 x 10-5) resulted from the increasing 

values of the theoretical equilibrium radiation component of reference 11. That theory, 
which accounts for  radiation from an  isothermal, absorbing gas layer, does not include a 
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consideration of radiation cooling. Hoshizaki and Wilson (ref. 19) have estimated this 
radiation-cooling effect to be slight (about 10 percent) for the conditions correspondig 
to these later times in the Fire I1 f i rs t  experimental period (h = 70 km (230 000 feet), 
V, = 11.3 km/sec (37 000 feet per  second)). It should be emphasized however that th’e 
results of Hoshizaki and Wilson a r e  not wholly compatible with the theory of Allen 
(ref. 11) for two reasons: (1) reference 19 does not include atomic line radiation in its 
analysis, and (2) the body size is larger  for the reference 19 study. Furthermore, the 
radiation cooling deduced from reference 19 applies to the entire wave length range. 
The results inferred from the F i re  experiments a r e  for X > 0.21-1 and any comparisons 
must be tempered accordingly. 

Support for the conclusion that radiation cooling might be limiting, however, at 
these flight conditions is afforded by the calculated value of the radiation-cooling param- 
eter  y.  This parameter, defined by the ratio of the radiation loss from the gas cap to 
the total available flow energy (y = 2er/E),  has been used commonly as the criterion for 
estimating the effect of radiation cooling on the theoretical heating rate which does not 
include a consideration of this effect. (Values of y > 0.01 are ,  in general, indicative 
of consideration.) Although radiation cooling is indicated on this basis to be actively 
limiting during the latter part  of the first data period (t > 1634 seconds), it is difficult to 
assign any quantitative value to its effect at these flight conditions. As a result, no 
attempt will be made here to separate the radiation-limiting effects of collision limiting 
and radiation cooling. Cooling must be recognized as a possible contributing influence 
but, for the purposes of this report, its effect will be included in the radiation-limiting 
estimate indicated by the collision-limiting factor FCz in figure 8. 

Theory and Fire results.- One aspect of the f i rs t  experimental period data w a s  the 
wide variation between the F i re  I and Fi re  II results. In the F i re  I analysis (ref. l), 
telemetry and body motion problems made the data reduction for the second and third 
data periods more difficult. However, the f i r s t  data period was not affected by body 
motion problems and therefore held to be reliable where not affected by the telemetry 
noise and signal dropout. Because of the unrealistic distribution of radiation over the 
reentry-package forebody indicated by the F i re  I radiometer data, there had been a tend- 
ency to question the reliability of the Fire I instruments. In that experiment, the offset 
radiometer had indicated levels of radiation that were higher than the recorded stagnation 
levels. As a result, it could not be concluded positively which of the two radiometers 
(or possibly both) w a s  in e r ro r .  The Fire 11 data not only indicated a more realistic 
forebody distribution of radiation but, more importantly, provided a measure by which 
the accuracy of the F i re  I instruments could be evaluated. In figures 5 and 9 are plotted 
the integrated spectral radiometer scans for the first experimental period of F i re  II. 
Scans from the first experimental period of Fire I and the corresponding spectral ranges 
a r e  also shown in figure 9. A s  in the case of the total radiometer results, the Fire I 
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spectral data have been compared with the Fire II data at the same ambient density. 
The units of W/cm2-sr used in figure 9 are representative of the gas steradiancy out- 
side the window ar ray  at the surface of the reentry package. The time scale is the 
elapsed time from launch for  the Fire  11 trajectory. The smaller number of Fire I 
points resulted f rom the dropouts in the sporadic telemetry signal. An estimate of the 
effect of telemetry and instrument system noise at low signal levels was deduced from 
the spectral radiometer records. The fairings indicated in figure 9 for the two sets of 
data were determined from the use of selected spectra which were essentially free of 
noise. Figure 9 shows that the Fire I steradiancies (and heating rates) obtained from 
the spectral radiometer over essentially comparable wavelength ranges a r e  a factor of 
about 3 higher than those for Fire  II. This ratio agrees well with the stagnation total 
radiometer results for the two flights. This agreement exhibited by both stagnation 
radiometers for the two flights points up a very convincing argument for the integrity of 
the Fire I stagnation total radiometer and essentially authenticates the data resulting 
therefrom. One is led, as a result of comparing the Fire  I and Fire 11 data, to conclude 
that the Fire I heating rates, matched at the Fire 11 ambient-density conditions, are 
indeed a factor of 2 to 3 times higher than those for Fire II. The results from the two 
flight experiments, therefore, imply a much higher velocity dependence of nonequilibrium 
radiative heating than is indicated from the empirical method of reference 18. It would 
appear that no significant change occurred in the broad spectral breakdown of radiation 
at h > 0.21-1 as the absolute levels increased with time during the first-data-period 
experiments. This result is supported by the fact that the percentage of radiation above 
0.21.1 that l ies between 0 . 2 ~  and 0.61-1 in each flight experiment remained about the same 
throughout the entire first data period. 

An analysis was generated in order to effect a more meaningful comparison 
between the estimates of nonequilibrium radiative heating based on reference 18 and the 
Fire results. In figure 10, a solid line is used to indicate the fairing of reference 18 of 
the experimental ground-facility work of references 17, 18, 20, 21, and 22. This straight 
line indicates a fourth-power velocity dependence of nonequilibrium radiative heating. 
The calculations involved in the Project Fire  collision-limiting analysis, however, served 
to support the notion of a stronger velocity dependence. It is recalled that the values of 

FCz 
heating rates  (A > 0 . 2 ~ )  to the reference 18 theory. If the fairing of the ground-facility 
data in figure 10 had been such as to indicate a steeper velocity dependence of nonequi- 
librium radiation at the Fire  velocities, a better agreement between the collision- 
limiting factors for the Fire  I and Fire  II experiments could have been obtained in fig- 
ure  8. Calculations were performed in which the slope for the nonequilibrium radiation- 
velocity relationship between 11 km/sec and 12 km/sec was varied iteratively while 
observing the behavior of the collision-limiting factors in figure 8. These calculations 

in figure 8 (for t < 1634 seconds) were defined by the ratio of the Fire  radiative 
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resulted in the selection of a new fairing fo r  the ground-facility data summarized in - 

reference 18. This new fairing is indicated by the dashed curve in figure 10 and reflects 
approximately a ninth-power velocity dependence of nonequilibrium radiative heating at 
the Fire velocities. The changes in the collision-limiting factors as a result of the 
revised fairing are shown in figure 10. From a consideration of the new experimental 
data f rom the F i re  experiments and the two reference 17 points, what was estimated to 
be a representative collision- limiting relationship was chosen; this fairing is indicated 
as the dashed curve in figure 11. The weighting of the Fire 11 data in the collision- 
limiting analysis tends to a l ter  slightly the relationship suggested in reference 1. The 
revised version - that corresponding to the collision-limiting fairing in figure 11 - may 
be defined by the following set of equations: 

Radiative heating 
V, , km/se c 

rates, W/cm2 p , p 0  
Fire II 

time, sec ~ 

Fire I Fire 11 Fi re  I Fire II 

1634.2 20.0 8.40 11.57 11.36 3.50 x 
r 1 

, 6.92 X 5 5 2.63 X 

2 
Fc2 = 1 - 1.486 + 4.00) , 2.63 X 5 @,/po) 5 

The Fire I and Fi re  II results have been added to figure 10. The data correspond to the 
condition of incipient truncation do 1 = 0.756ne which w a s  estimated to have occurred 
at a Fi re  II time of 1634.2 seconds. (Matching the Fire I and Fi re  11 data at the condi- 
tion of incipient truncation closely approximates a matching on ambient o r  free-stream 
density.) The Fi re  data and the pertinent flight parameters a r e  shown in the following 
table: 

On the basis of the ambient conditions specified in reference 17, the ground-facility data 
indicated in figure 10 were essentially unaffected by collision limiting. These data were 
reduced on the basis of a parallel-plane gas-layer geometry. In order  to make the Fire  
results compatible with the ground-facility data in figure 10, it was necessary to negate 
the effects of collision limiting and geometry inherent in the F i re  results. The data 
(and relationships) of figure 10 may thereby be considered base values of nonequilibrium 
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radiative heating to which any necessary radiation-limiting corrections for all flight 
conditions may be subsequently applied. To make the adjustments, the Fire radiative 
heating rates in the above table were divided by the products of the geometry and 
collision-limiting values used in the Fire analysis. These values are indicated in the 
following table: 

h 

ADJUSTMENT VALUES 

0 0 
Experiment 

W/cm2 

Fi re  radiative 
heating rate, 

Fire I 20.0 

Fire II 8.4 

- ~~ 

0 @ O B  0 
Collision- Collision- Adjusted Fire 

'le + ine  Gne only @ X@ 

Geometry limiting limiting Product heating rates, W/cm2 

0.84 { 0.70 0.70 0.59 33.9 

.84 { :4770 

.87 .99 .83 24.1 

.70 .59 14.2 
-56 1 .47 17.9 

is inherently redundant because of the nature of the calculation of the collision-limiting 
factors in that figure. However, if it is assumed that collision limiting is a unique func- 
tion of free-stream density (as suggested by ref. 17) and can be defined by the long- 
dashed fairing in figure 11 (or eq. (4)), then the Fire I and Fire 11 results in figure 11 
may be considered experimental scatter about this unique relationship. On this basis, 
the collision-limiting factors from the Fire I "data" curve in figure 11 may be considered 

I 

maximum values and those from the Fire 11 "data" curve minimum values. Therefore, 
from the calculations described, one limit in the spread of the adjusted Fire  data in fig- 
ure  10 would fall on the ninth-power velocity-dependent theory curve. 

I 
I I 

The adjusted Fire results are shown in figure 10. It is important to note that an 
extrapolation of the revised relationship in figure 10 to interplanetary return velocities 

1 

I 
of 15 to 18 km/sec (50 000 to 60 000 fps) would result in a very significant increase in 
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the estimated nonequilibrium radiative heating contribution over that resulting from a 
similar extrapolation of the method of reference 18. 

Spectral radiometer data analysis.- The integrated spectral radiometer data for - 
the first experimental period exhibited considerable scatter during the early portion of 
that period, (See fig. 5.) This scatter was attributed to instrument sensitivity at essen- 
tially threshold values of radiation. Later in the experiment (t =: 1636 sec), the scatter 
essentially disappeared and the integrated spectral scans (0.31-1 < X < 0 . 6 0 9 ~  for reverse 
scans) exhibited levels of radiation that were about 16 percent of those indicated by the 
total radiometer, About 8 percent of the radiation above 0 . 2 ~  is estimated from the 
theory to occur between 0 . 2 ~  and 0 . 3 ~ .  Radiation from sources at wavelengths longer 
than 0 . 6 0 9 ~  therefore is indicated to contribute about three-quarters of the radiant 
energy above 0 . 2 ~  at the stagnation point at this particular time in the reentry. If an 
allowance is made for the continuum radiation above 0 . 6 0 9 ~  and also for  the question- 
able state of the nonequilibrium gas, this proportion is in fair agreement with the equi- 
librium levels estimated from reference 11 (see table I) which predict for  these condi- 
tions strong dominating atomic line contributions (65 percent) in the near infrared. 
Despite the scatter in the spectral radiometer integrations at  times prior to 
t = 163 5 seconds, the presence of strong near- infrared contributions at nonequilibrium 
flow conditions is nevertheless implied also during the earlier times associated with 
nonequilibrium flow. 

Forebody radiative heating distribution.- The offset radiometer in the Fire II 
experiment indicated a level of radiation that was about 80 percent of the stagnation 
value at t = 1633 seconds in the first data period. (See fig. 5.) Nonequilibrium radia- 
tive heating distributions across  the front face of the Fire reentry package have been 
estimated for  approximately the same reentry conditions by references 23 and 24. 
These theoretical flow-field studies indicate values of incident radiation at the offset 
radiometer location that a r e  94 and 97 percent of the stagnation value, respectively. 
(See fig. 9 in ref. 1.) 
the shock layer across the front face of the Fire reentry package is dependent upon the 
thermodynamic state and species concentration in the flow. 
(or measurements) further imply specific spectral distributions. The theoretical studies 
of references 23 and 24, by the nature of some of the assumptions used (equilibrium con- 
centrations) and species neglected (atomic lines), cannot be considered as directly com- 
parable with the F i re  results. 
inform the reader of the availability of detailed flow-field studies that were carried out 
prior to Fire I1 for almost the precise conditions of the flight experiment. 

It should be pointed out that the distribution of radiant energy in 

Total radiation estimates 

These theoretical works are referenced in order to 
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Second-Data- Period Experiment 

Experiment conditions.- The forebody experiments of the second data period of 
Project Fire were characterized principally by equilibrium radiation. The starting and 
ending conditions fo r  the continuous stagnation experiment were: 

Starting 
Ending 

I I I I I I I 

1642.47 54.34 (178 200) 10.61 (34 815) 5.75 x 5.42 x 
1642.90 53.23 (174 700) 10.50 (34 460) 6.45 X l om4  6.18 X 

Altitude, Velocity, I Conditions 1 I km (feet) 1 km/sec (fps) 1 pm/po 1 Pm/Pstd 1 

Spectral radiometer data analysis.- The integrated spectral  radiometer record 
(fig. 5) tends to keynote the analysis of the Fire data in this second data period. These 
integrations of the spectral measurements at  the stagnation point indicate that of the 
radiation above 0 . 2 , ~  monitored by the total radiometer, only about 17 percent lies in the 
0 . 3 0 ~  to 0 . 6 0 9 ~  wavelength range of the spectral instrument. On the basis of a theoreti- 
cal  spectral  distribution of molecular and continuum radiation (ref. 7), which was aug- 
mented by near-infrared atomic line estimates f rom reference 11, about 9 percent of 
the incident radiation during the second data period experiment is estimated to have 
occurred in the 0 . 2 ~  to 0 . 3 ~  range. From this  analysis, therefore, it was determined 
that in the stagxation r eg im some three-quarters of the radiant energy above 0.21.1 
occurred at wavelengths longer than 0 .609~ .  The Allen theory, which for these condi- 
tions indicates that about 63 percent of the energy at h > 0 . 2 ~  results from atomic line 
radiation (practically all of which occurs a t  X > 0.609p), is in good agreement in a 
broadband spectral  sense with the F i re  results. The continuum radiation occurring a t  
h > 0 . 6 0 9 ~  would furthermore make the 63-percent value a lower limit for total radia- 
tion in that wavelength region. 

The second-data-period and latter portions of the first-data-period experiments 
were characterized by equilibrium gas cap temperatures greater than 10 OOOo K. The 
estimates of reference 11 of strong contributions from the near-infrared lines a t  these 
temperatures appear therefore to be well supported by these F i re  experiments. 

Total radiometer data analysis.- The Fire II stagnation radiative heating ra tes  
deduced from the total radiometer at that position a r e  shown in figure 6. The levels 
range from about 325 W/cm2 to 335 W/cm2 over this experimental period. In making 
theoretical comparisons with these F i re  results, it is important to note the differences 
in the spectral  ranges covered by the theories and the F i re  experiment. The F i re  
experiment covered all radiation between 0 . 2 ~  and 4 . 0 ~ .  This experiment is easily 
compared with Allen's theory (ref. 11) which presents a breakdown of radiation above 
and below 0 . 2 ~ .  Reference 11 further distinguishes between the continuum and atomic 

i 
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line contributions in each region and presents estimates on molecular radiation. 
Biberman et al. (ref. lo), on the other hand, present their theory with a separation of 
continuum radiation at 0 .125~ .  Although line radiation is considered, the breakdown in 
reference 1 0  is between "integrated weak lines" and "individual strong lines." The con- 
tributions from each of these groups of lines are included in the ultraviolet, visible, and 
infrared portions of the spectrum and thus make the estimates more difficult to compare 
with the Fire experiments. Ionic line radiation in the vacuum-ultraviolet region is also 
included in the reference 10 analysis. The radiation at X > 0 . 2 , ~  for the Biberman 
theory has been approximated by assuming that the ratio between the Biberman and Allen 
theories for X > 0.21.1 is the same as that for the two theories over the entire spectrum. 
These estimated values for the Biberman theory are tabulated in column (29) of table I. 
Although Biberman and Allen used different f-numbers and cross  sections in their com- 
putations, the broad percentage breakdown of radiation (based on a 10-cm layer thickness) 
appears to indicate reasonable agreement (within 20 percent) between the various contrib- 
utors at  the Fire  conditions. (See the following table.) 

PERCENT CONTRIBUTION OF VARIOUS RADIATING SOURCES 

1 2 T2 = 11 OOOo K, p2 pref = 10- , p2 z 1 atm I 
L 

Percent I 11) I contribution 

Continuum, X < 0 . 2 ~  
Lines, X < 0 . 2 ~  
Lines, X > 0 . 2 ~  
Continuum, X > 0 . 2 ~  

I 
10 
30 
32 
28 

I 

Continuum, X < 0 . 1 2 5 ~  
All lines (atomic 

Continuum, X > 0 . 1 2 5 ~  
and ionic) 50 

38 

The values of radiation over the entire spectrum for references 10 and 11 a r e  tabulated 
in columns (25) and (24), respectively, of table I. Because of the apparent transparency 
of the plasma at X > 0 . 2 ~  at the F i re  conditions, a geometric factor of 0.84 has also 
been considered in the determination of the radiative heating rates in that wavelength 
region which are tabulated in columns (28) and (29) of table I. 

It is possible to consider other theoretical works (refs. 6, 7, and 8) that from the 
standpoint of the total intensity level at X > 0.21-1, may be in equally good agreement with 
the F i re  results. The theoretical levels f rom references 6, 7, and 8 for the F i re  trajec- 
tory a r e  presented in table I in columns (18), (17), and (19), respectively. None of these 
references, however, considers atomic line radiation. It would appear that the levels 
predictable from reference 8 are in particularly good accord with the F i r e  results. It 
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must be pointed out in the analysis, however, that there are dangers in making 
unrestricted comparisons and that care  should be exercised in drawing conclusions 
therefrom. The theoretical comparisons suggested in table I are not without such 
reitrictions. 

The Allen and Biberman theories, although probably the most complete available 
(in that each considers practically all the acknowledged radiating sources), a r e  based on 
an isothermal gas slab and do not include a consideration of shock curvature and the 
potentially strong effects of radiation cooling. References 6, 7, and 8 are based on 
similar approximations. In order to provide some dependable basis for comparison 
between the theory and the Fire results, an  evaluation has been made of the effects of 
radiation cooling (with absorption) on the stagnation heating rates for this second-data- 
period experiment. 

Theoretical treatments of radiation cooling in an absorbing gas and the attendant 
coupling between the radiative and convective modes of heating have been published in 
references 19 and 25. These efforts reflect a more realistic approach to the problem; 
previously, Goulard (ref. 26)  had estimated the effects of these phenomena in a trans- 
parent medium. The discussion of radiation cooling and coupling in this report, however, 
will rely heavily on the work of Olstad (ref. 27) .  Olstad's method was  based on a nongray, 
absorbing gas model and was directed to a study of the exact Fire conditions. It is not 
correct to consider adjustments to such as the references 10 and reference 11 theories 
directly by factors obtained from either references 19 or  25 for two reasons: first, the 
basic radiation theories assumed in those references were not those of either refer- 
ence 10 o r  11 and did not include a consideration of atomic line radiation. The profiles 
of thermodynamic properties in the flow at the stagnation point depend upon the basic 
radiation sources assumed when radiation loss is to be considered. Reference 25 was 
restricted furthermore to a gray gas model. The second reason for not applying the 
theories of references 19 and 25 to the previously mentioned theoretical levels is the 
incompatibility of such a radiation-cooling adjustment in the abbreviated wavelength range 
associated with the Fire radiation experiment. As  previously mentioned, all radiating 
sources must be considered in making an estimate of radiation loss with absorption. The 
effects deduced in references 19 and 25 a re  for the entire spectrum which includes the 
vacuum ultraviolet. To apply any such correction to a particular wavelength increment 
(in this instance, Fire, 0.21~. < h < 4 . 0 ~ )  is incorrect. The radiation above 0 . 2 ~  is essen- 
tially unaffected by self-absorption and, although weighted in the calculations for the com- 
plete spectrum, may not necessarily reflect the radiation-cooling effect so deduced. 

Except for replacing the vacuum-ultraviolet estimate of free-bound radiation of 
reference 11 with that of reference 9, the work of reference 27 has been based on the 
source radiation estimated from reference 11 over the entire spectrum. Using his small 
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perturbation method, Olstad (ref. 27) made calculations for the conditions corresponding 
to the second data period of the F i re  experiment. The results of these calculations indi- 
cated that at wavelengths longer than 0.2,u, the stagnation radiative heating rate based on 
the isothermal absorbing gas model of Allen (ref. 11) should be multiplied by a factor df 
0.70 to account fo r  radiation cooling. This reduction is approximately 6 percent l e s s  
severe than that estimated from the factor calculated for the entire spectrum (0.66). The 
radiation-cooling effect calculated for the X > 0 . 2 ~  spectral region lowers the theoreti- 
cal levels of Allen at  those wavelengths to values in close agreement with the F i re  11 
results. The theoretical estimates of Allen (ref. 11) of the stagnation, radiative heating 
rates a t  X > 0.21.1 are compared in figure 6 with the F i re  results for the complete 
reentry. These equilibrium radiation estimates have been supplemented by an allowance 
for nonequilibrium radiation obtained from reference 18 and adjusted, where applicable, 
for collision limiting according to equation (4). This theory, which is indicated by the 
continuous line in figure 6 does not include any consideration of the radiation-cooling 
effect. The results of the cooling analysis performed by Olstad for the conditions a t  the 
beginning of the second data period are indicated by a symbol in figure 6 which shows a 
stagnation radiative heating rate for X > 0 . 2 ~  of 340 watts per  centimeterz. The radia- 
tion cooling calculated by Olstad for the entire spectrum and which included line radiation 
w a s  more severe than that indicated by the correlation of Gruszczynski and Warren 
(ref. 28) of the results of references 19 and 25 which did not consider the lines. The 
theoretical broadband breakdown of radiation at wavelengths longer than 0.21.1 (that is, 
above and below 0 . 6 ~ )  that w a s  discussed in the preceding spectral  radiometer data 
analysis section was based on the assumption of an isothermal absorbing gas. Although 
the Olstad analysis suggests a rather strong temperature gradient in the stagnation flow 
field near the wall, the spectral distribution of radiation at the wall was  not expected to 
be affected greatly by the radiation-cooling effect. It is reasonable to assume that the 
transparency of the plasma at X > 0 . 2 ~  would permit the higher temperature plasma 
away from the immediate wall area to influence a higher average temperature field than 
would be the case in a strongly absorbing gas. 

It is concluded therefore f rom the F i re  11 experiment that, for reentry conditions 
corresponding to the second data period, the estimates of stagnation equilibrium radiative 
heating rates based on Allen (ref. 11) a r e  high by a factor of 1.5. Since the theory does 
not consider the limiting effect of radiation cooling, it is at least  overestimated to that 
degree. The radiation-cooling effect deduced by Olstad (ref. 27) would tend to bring the 
reference 11 levels shown in figure 6 into very close agreement with the F i re  results. 

Comparisons of the Fire results for the second and third data periods with the data 
obtained from ground facilities a r e  deferred until after the discussion of the third-data- 
period experiment. 
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Forebody radiative heating distribution.- The offset radiometer in the Fire  II exper- 
iment indicated levels of radiation that were approximately 60 percent of the stagnation 
values during the second data period. (See fig, 5.) The equilibrium radiative heating 
rite at the offset radiometer location on the reentry package was indicated from the 
Project Fire  flow-field studies (refs. 23, 24, 29, and 30) to be, respectively, 0.64, 0.34, 
0.60, and 0.40 of the stagnation value at flight conditions similar to those of the second 
data period. The estimates of references 23 and 29 appear to be in better accord with the 
Fire results for the offset radiometer. However, as in the case of the f i rs t  data period, 
atomic line radiation was neglected in the theoretical studies, and such differences in the 

(The calculation for the condition of surface melting of the outer quartz window indicated 
that this experiment should have lasted to 1648.84 seconds. However, the records indi- 
cated errat ic  behavior characteristic of window melting at 1648.50 seconds. It was felt 
that inasmuch as the first  0.34 second of data was adequate from the standpoint of the 

--.+e-nothing was  to be gained by using the uncertain data after 1648.50 seconds.) 

Spectral radiometer data analysis.- The third-data-period experiment, although 
conducted at conditions associated with equilibrium radiation, differed from the second- 
data-period experiment in that radiation from molecular band systems was  expected to 
dominate. This molecular radiation coupled with a corresponding decrease in line radi- 
ation was expected to produce a spectral distribution of energy which would differ con- 
siderably from that of the first and second experimental periods. The integrated spectral 
radiometer scans indicated that of the radiation occurring above 0 . 2 ~ ~  approximately 
55 percent fell in the 0 . 3 ~  to 0 . 6 0 9 ~  wavelength range at the beginning conditions of the 
experiment. The radiation contribution from the same spectral region had increased to 
about 70 percent at the ending conditions. I 

theoretical and experimental energy distributions must serve to temper any such 
comparisons. --. 

Third-Data- Period Experiment 

Experiment conditions.- The third experimental period consisted of continuous 
measurements of the reentry environment that like the second data period was chara 

Elapsed Altitude, 
km (feet) Conditions time, 1 

ter- 

Velocity, 
pm/pstd km/sec (fps) p m / p O  

ized by radiation at equilibrium conditions. The starting and ending flight conditions for 
this experiment period were: 

i Starting 
Ending 

* 

1648.16 41.80 (137 100) 8.20 (26 910) 2.65 X 2.54 X 

1648.50 41.19 (135 100) 7.96 (26 185) 2.90 X lom3 2.78 X 

I I I I I 

t 
L 
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For  conditions corresponding to the s tar t  of the third data period experiment, . 
theoretical broadband spectral distributions of air radiation for X > 0 . 2 , ~  (based on the 
Allen and Breene and Nardone theories) are indicated in the following table. The corre: 
sponding Fire II results are also given. 

1 (Refs. 5 and 8) Radiation intensity 
(refs. 11 and 31) Ah Fire  11 data 

0 . 2 , ~  < X c 0 . 3 , ~  15 percent 20 percent 15 percent 
0.31-1 < X < 0.6,~ 35 percent 45 percent 55 percent 
0 . 6 , ~  < X c 4 . 0 ~  50 percent 35 percent 30 percent 

~~~ 

Over 85 percent of the radiation in this tabulation is estimated from the theory of 
references 11 and 31 to result from molecular band systems. A similar breakdown is 
indicated by the theory of references 5 and 8. (Ref. 8 w a s  used to determine the total 
radiation levels above 0.21-1; ref. 5, the broadband distributions. See preceding table.) 

The broadband spectral analysis of radiation at  the stagnation point for the Fire 11 
experiment has been summarized graphically in figure 12. In that figure, the percentage 
of the radiation at wavelengths longer than 0.21-1 that occurs above 0.61-1 is plotted against 
the elapsed time from launch for the three experimental periods. The calculated points 
are the differences between the total radiometer and integrated spectral radiometer 
values divided by the total radiometer values. The numerator has been further adjusted 
to account for  an estimate of the radiation in the 0 . 2 , ~  to 0 . 3 , ~  wavelength range during 
each data period. Although there appears to be fair agreement on spectral distribution 
between the Allen theory and the F i re  results in each of the first two data periods, there 
does not appear to be as good agreement in the third data period where the molecular 
radiation predominates. The radiation for X > 0 . 6 , ~  in the third data period estimated 
by the theory of references 11 and 31 results primarily from a relatively strong contri- 
bution of the N2(1+) band system in the near infrared with a smaller contribution from 
the line radiation. The theory of references 5 and 8 indicates a smaller percentage con- 
tribution from the N2(1+) band system and does not consider lines. If the small  effect 
of line radiation is neglected, it would appear at least  on the broadband level that the 
theoretical spectral distribution obtained from references 5 and 8 a r e  in better agreement 
with the Fire II results for this third experimental period. 

It is concluded therefore from the Fire  11 data that the spectral  distribution of 
radiation intensity during the third data period becomes increasingly prominent in the 
0 . 3 , ~  to 0.6~ wavelength range, and appears to be fairly well predictable by the theories 
of references 5 and 8. 
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Total radiometer data analysis.- The results of the Fire II experiment for the two 
forebody total radiometers and the spectral radiometer are shown in figure 5. The 
reduced stagnation radiative heating rates (0.2~ < X < 4.01-0 are repeated in figure 6 and 
compared with the theories of Allen (refs. 11 and 31) and Nardone and Breene (ref. 8). 

The Fire  II total radiative heating rates are  indicated in figure 5 to range from 
about 31 W/cm2 to 22 W/cm2 over this experimental period. The Fire  I heating rates, 
by the nature of their reduction (see ref. l), are more open to question as to their reli- 
ability. Calculations have indicated that selfabsorption in the plasma at wavelengths 
longer than 0.21-1 was not significant at these flight conditions and thereby justifies the 
transparent gas analysis being used to determine the heating rates. 

The Fire  II results calculate to be a factor of about 1.6 below the theory of Allen 
at the beginning of the data period and increasing to about 2.4 a t  the end of that experi- 
ment. At these conditions, with line radiation neglected, the Breene and Nardone theory 
(ref. 8) is indicated to be in closer agreement with the Fire I1 data. 

The effects of radiation cooling have been investigated in reference 27 in the same 
manner as that used for the second-data-period analysis. A value of the radiation-cooling 
factor equal to 0.99 was calculated for the X > 0.21-1 wavelength range and this value 
indicated a negligible effect on the radiative heating. A similarly negligible effect w a s  
calculated for the entire wavelength range which included the potentially absorbing 
vacuum- ultraviole t radiation. 

Forebody radiative heating distribution.- The offset radiometer in the Fire II third- 
data-period experiment indicated levels of radiation that were  about 50 to 60 percent of 
the stagnation values. Interpolation between distributions for nominal preflight Fire  
trajectories in reference 30 indicates good agreement between that reference and the Fire 
results. 

Additional Data Analysis 

In figure 13 a r e  indicated the complete record of the stagnation total radiometer 
and the integrations of the spectral radiometer data at the same location. An analysis of 
the data outside the prime data periods is made in appendix C. This analysis defines 
specific signal traces and anomalies in the radiometer record with respect to sequential 
events during the reentry. Some comparison is also made with the downrange optical 
coverage from Ascension Island which has been reported in references 32 and 33. 

Ground- Facility Experimentation 

Considerable ground- facility experimentation on hot-air radiation has been per- 
formed in recent years in shock tubes and ballistic ranges. Nerem (ref. 34) has compiled 
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the results of some of the more recent data on stagnation-point equilibrium air radiative 
emission. Those results obtained from references 18, 35, 36, and from a private com- 
munication between H. W. Ball of AEDC and Robert Nerem a r e  for measurements of 
equilibrium air over a nominal wavelength range from 0 . 2 ~  to 6 . 0 ~  (the measurements of 
Nerem go to a lower wavelength limit of 0 . 1 7 ~ ) .  The data have been normalized by the 
stagnation density ratio to the 1.7 power and plotted against the simulated flight velocity. 
Nerem's compilation is shown in figure 14. Gruszczynski and Warren (ref. 28) conducted 
experiments on a hemispherical model (rn = 2.54 cm) in a shock tube which produced 
radiation intensities corresponding to a wide range of hyperbolic reentry velocities. 
Several measurements obtained in the simulated flight velocity range between 11 and 
12 km/sec corresponded closely to the theoretical radiation levels for X > 0 . 1 6 ~  esti- 
mated by reference 8. The Gruszczynski and Warren data were total radiation measure- 
ments and did not imply any spectral distribution o r  species concentration. These data, 
solely on the basis of their correspondence to the reference 8 absolute radiation levels 
a t  those simulated velocities, suggest agreement with the Fire results for the condition 
of peak heating. The reference 28 data have been included in figure 14. 

Other investigators have recently presented preliminary estimates (ref. 37) on the 
breakdown between the continuum and line radiation contributions of air at wavelengths 
longer than 0 . 2 ~  that were determined from curve fits of experimental data on similar 
breakdowns in nitrogen and oxygen. The facility used to make the measurements was a 
mechanically constricted, cascade direct-current a rc .  Their estimate of air radiation 
a t  X > 0 . 2 ~  (indicated by a dashed curve in fig. 14) favors the upper bound of ground- 
facility measurements in the flight velocity range of Project Fire. Of particular impor- 
tance are the results of their distributions which indicate that approximately 70 percent 
of the radiation for X > 0 . 2 , ~  at conditions corresponding to the f i rs t  and second periods 
of the F i re  experiments is the result of line radiation. In this respect, their estimated 
distribution of energy is in very good agreement with the results of the Fire 11 experi- 
ment, even though the absolute levels appear overestimated. Again, the effect of radia- 
tion cooling, which was not considered by these investigators, may produce a different 
result. 

Also shown in figure 14 are the data for both Fire I and Fire II. The first data 
period of Fire I is not presented because of the strong nonequilibrium influence through- 
out that particular experiment and the attendant difficulty in determining a representative 
equilibrium zone thickness by which to reduce the heating ra tes  to the volumetric units of 
figure 14. The Fire II first experimental period is indicated as a single point. This 
point was taken at the very end of that experiment (t = 1636.47 sec) and is estimated to be 
representative of reasonably strong equilibrium contributions. 
rium zone thickness appears to be reasonably defined by the method of reference 1. 

As a result, the equilib- 
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In general, the ground facility data a r e  in agreement with the Project F i re  results 
for the conditions of flight velocity corresponding to the first and second experimental 
periods. The results from the third data periods of both flights, however, indicate a 
trend lower than that exhibited by the ground facility results. At these velocities, the 
average level of radiation indicated by the ground facility data of figure 14 approximates 
the theoretical levels of Allen (refs. 11 and 31) calculated at the F i r e  conditions. 

The general spread in the ground-facility points results primarily from the normal- 
ization of these data by the 1.7 power of the stagnation density. This rough approxima- 
tion of the density dependence of radiation has been used by Nerem (ref. 34) and others 
to group the results of several investigators, results that were obtained by using a variety 
of testing mechanisms over a wide range of gas conditions. The velocity dependence of 
radiation indicated from such results is meaningful, in the broad sense, but the difficulty 
of making closer comparisons at  discrete velocities is evident from the spread in the data 
in figure 14  which, at some velocities, approaches an order  of magnitude. 

Vacuum- Ultraviolet Radiation 

In recent years,  estimates have indicated that vacuum-ultraviolet radiation 
(A < 0.2p), although strongly self-absorbed, in many instances will provide a significant 
contribution to the radiative heating of vehicles entering the earth's atmosphere at lunar 
and interplanetary return velocities. This radiation, the result primarily of the 
de-ionization continua of nitrogen and oxygen ions and the atomic and ionic line bound- 
bound transitions, has been the stimulus of considerable theoretical work. Because of 
the inherent difficulties in obtaining measurements at  these lower wavelengths, little 
experimental data are available. The Project Fire experiment has yielded results that 
can be analyzed in a manner that, although implicit in nature, can roughly account for the 
radiation contribution in the vacuum-ultraviolet spectrum. These flight results and their 
assessment in light of the current theory are discussed in this section. 

Calorimeter heating rates and associated analysis.- The stagnation total heating 
rates for the F i r e  11 experiment, which were obtained from reference 12,  are shown in 
figure 15. These heating rates, which were determined from the temperature-time his- 
tories of the forebody calorimeters, indicate the contributions from the convective and 
absorbed radiative heating components at the calorimeter surface. By using these total 
heating ra tes  and the measured radiative heating ra tes  for the energy above 0 . 2 ~  along 
with the calorimeter surface absorptivity properties shown in figure 3, an estimate of the 
radiation from the vacuum-ultraviolet sources can be inferred. 

In analyzing the vacuum-ultraviolet radiation, the convective heating rates through- 
out the reentry were assumed to be known. In th is  analysis, the method of reference 38 
was  used to adjust the convective heating levels calculated by the theory of reference 39 
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in order  to account for deviations from Newtonian theory. These values conformed well 
with levels obtained from other representative theories for flight velocities up to 
1 2  km/sec. On that basis and the fact  that good correspondence was  indicated with the 
Fire  IT third-data-period results where, at the lower velocities, the convective heating 
was dominant, it was assumed that, in the absence of radiative and convective coupling, 
reasonably accurate estimates of convective heating could be assured by using the 
adjusted Cohen theory. The coupling effect, which normally results in a lower enthalpy 
difference across the boundary layer, serves  to lower the convective heating rate. 

In the f i r s t  data period, the early cut-off of the radiation experiment inhibits any 
meaningful analysis on vacuum- ultraviolet radiation. Nonequilibr ium effects f urthe r 
complicate the analysis at these early reentry times. The radiative heating experienced 
in the third data period was extremely low compared with the convective heating and thus 
precluded any significant vacuum-ultraviolet analysis at those times. The prime analysis 
of the vacuum-ultraviolet radiation, therefore, has been restricted to the second-data- 
period experiment. To the calculated stagnation convective heating rates  (short-dashed 
curve in fig. 15) were added the measured radiative heating rates  deduced from the total 
radiometer experiment. These radiative rates were adjusted by a spectrally weighted 
value of absorptance a t  X > 0 . 2 ~  for the calorimeter which for the second data period 
was estimated to be 0.52. The sum of the heating rates from the absorbed radiation 
above 0 . 2 ~  and the calculated convective component were then subtracted from the cal- 
orimeter total heating rates. The difference was estimated to represent the absorbed 
vacuum-ultraviolet radiation. 

The remaining step in this phase of the analysis was to determine an effective 
value of calorimeter absorptance in the wavelength region, X < 0.2,u, from which to 
deduce a final level of vacuum-ultraviolet radiation. Once again, a spectrally weighted 
estimate of absorptance for the calorimeter based on the line and continuum contribu- 
tions of reference 11 was used in conjunction with the calorimeter absorptance distribu- 
tion shown in figure 3. A substitution of the values shown in columns (35) and (36) of 
table I into the following equation 

yielded a value of amean equal to 0.89. 

The absorbed vacuum-ultraviolet radiation obtained from figure 14 at approximately 
the midtime of the second data period (1642.65 sec) was calculated to be 140 W/cm2. The 
correction for calorimeter absorptance yielded a value of 157 W/cm2, which represents 

~ 

the stagnation radiative heating rate from the vacuum-ultraviolet sources inferred from 
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Fire 11 flight measurements. (The measured radiative heating rate for X > 0 . 2 ~  at 
this representative time was  approximately 330 W/cm2.) 

Comparison of vacuum-ultraviolet theory with the Fire 11 calculations.- A theo- 
retical estimate of the Fire 11 stagnation radiative heating rates from vacuum-ultraviolet 
contributions based on reference 11 are presented in columns (22) and (23) of table I. An 
interpolation of the tables at the representative time under consideration (1642.65 sec) 
yielded values of ial = 278 W/cm2 and icont = 137 W/cm2 for a total of 415 W/cm2. 
On this basis of comparison, the theory overpredicts the vacuum-ultraviolet radiative 
heating rate calculated from the Fire 11 experiment by a factor of about 2.6. 

Olstad's analysis (ref. 27)* at the second-data-period conditions indicated that in 
the vacuum-ultraviolet spectrum (A < 0.2p), the value of stagnation radiative heating for 
the nonisothermal, absorbing gas calculation was approximately 0.57 that for the iso- 
thermal absorbing-gas case, which was the basis of the reference 11 theory. The asso- 
ciated coupling effect reduced the convective heating rate to 0.93 of the value calculated 
with the Cohen theory. 

With the use of Olstad's results and the method of calculation previously described 
in figure 15, the absorbed stagnation vacuum-ultraviolet radiative heating rate w a s  shown 
to increase from 140 W/cm2 to 187 W/cm2 as a result of the decrease in the convective 
heating component due to coupling. Upon adjusting for calorimeter absorptance, the 
vacuum-ultraviolet radiative heating rate was calculated t n  be 210 W/cm2. 
retical estimate of 415 W/cm2, when adjusted by the radiation-cooling factor of 0.57, 
w a s  reduced to 236 W/cm2. The radiative heating rate for X < 4 . 0 ~  was  indicated 
therefore from the Fire 11 experiment (at t = 1642.65 seconds) to be about 540 W/cm2. 

The theo- 

In figure 16 a r e  indicated the comparisons between the vacuum-ultraviolet radiation 
theory and the results inferred from the Fire  measurements with and without a considera- 
tion of radiatiorrcooling and coupling. The importance of allowing for these effects is 
very vividly demonstrated. The radiation cooling and coupling analysis conducted by 
Olstad, when applied to the Allen theory at the Fire 11 second-data-period flight condi- 
tions, indicated levels of vacuum-ultraviolet radiative heating that were in good agree- 
ment with the levels deduced from the Fire  11 calorimeter and radiometer measurements 
and the Cohen convective heating theory. It is concluded therefore from these Fire  II 
results that analyses which do not include a consideration of cooling and coupling effects 
may be prone to considerable e r ror .  

* Because of the slight differences in calorimeter absorptance values and the diffi- 
culty in obtaining similar absolute intensity values from the referenced theories, some 
differences were noted in the values shown in th is  report and those calculated by Olstad. 
To minimize the effect of these differences, the data obtained f rom Olstad's work have 
been extracted solely in the form of ratios and factors, o r  otherwise normalized values. 
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Total Heating Theory and the F i re  11 Results 

In figure 1 5  a r e  indicated by a solid heavy line the measured Fi re  II calorimeter 
heating rates for the three data periods. The details of the determination of these . 

heating rates from the calorimeter data are covered in reference 12. A theory of total 
heating is also shown in figure 15 by a long-dashed line. It is composed of estimates 
based on the equilibrium radiation theory of Allen (refs. 11 and 31), the empirical non- 
equilibrium radiative heating of Page and Arnold (ref. 18), and the convective heating 
theory of Cohen (ref. 39), adjusted for Newtonian assumptions by the method of Boison 
and Curtiss (ref. 38). The composite theory gives heating rates  that a r e  in general 
higher than those indicated by the F i re  II experiments in both the first  and second data 
periods. There is very good agreement between the theory and the Fire 11 results in 
the third data period owing principally to the dominating influence of convective heating 
during that experiment. The F i re  results, in fact, would appear to offer strong testimony 
to the accuracy of the stagnation-point convective heating theory of reference 39 at flight 
velocities below 9 km/sec. 

In view of the relatively low radiative heating rates  exhibited during the first data 
period, the poor agreement between the composite theory and the F i re  II results would 
appear to result from unrealistic theoretical estimates of convective heating at these 
early reentry conditions. The Fi re  II results a r e  between 10 to 30 percent lower than 
the composite theory. These lower convective heating rates  appear to contradict the 
theory for low Reynolds number effects. (See ref. 40.) Because of the contrary evi- 
dence, however, indicated by the F i re  I experiment (refs. l and 2), which shows the Fire 
results to be higher than the convective heating theory, no positive conclusions on total 
heating can be made for the first-data-period experiment. It does appear, however, that 
the use of boundary-layer theory to estimate convective heating a t  these early reentry 
conditions must be tempered with other theoretical considerations. 

The differences between the composite heating theory and the Fire II calorimeter 
heating rates during the second data period have been analyzed in much of the previous 
discussion. Radiation cooling and coupling between the radiative and convective modes 
of heating appear to account largely for the differences shown. Support for this conclu- 
sion is evidenced further by the shift in the peak of the total heating pulse indicated by 
the calorimeter heating rates. A theoretical calculation of total heating without radiation 
cooling or  coupling for a reentry-type trajectory generally undergoes a peak shift to a 

the representative time of 1642.65 seconds a theoretical estimate of total heating rate of 
1034 W/cm2. This value was calculated by applying the radiation-cooling and coupling 
effects estimated by Olstad (ref. 27) to the composite heating rate  indicated in the figure 
and in column (38) of table I. This estimate is in good agreement with the F i re  11 results 
at that time. 
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CONCLUSIONS 

During three discrete experimental periods, direct measurements of gas radiation 
at wavelengths greater than 0 . 2 ~  were obtained from the onboard radiometers of the 
F i re  11 reentry package. The conclusions that follow are based primarily on compari- 
sons between the measured radiation levels and the theory. 

1. With a consideration of existing ground-facility experimental data, the informa- 
tion pmvided by the F i re  I a d  Fire  11 radiative hea thg  results during early reentry 
indicated the possibility of a greater velocity dependence of nonequilibrium radiative 
heating than that indicated by an early fairing of ground-facility data. At the Fire entry 
velocities (slightly greater than 11 km/sec), a ninth-power dependence appears to be 
more realistic than the previously indicated fourth-power dependence. 

2 .  The truncation effect at the conditions associated with the ballistic entry of the 
blunt Fire body appears to be predictable by available methods. Other radiation-limiting 
effects during early reentry appear to be reasonably predictable by the "collision- 
limiting" relationship developed in this report. 

3 .  The results for the early reentry and peak heating conditions of the F i re  I1 
experiment and the early heating conditions of the F i re  I experiment indicate that about 
three-quarters of the incident stagnation radiation at wavelengths longer than 0.21-1 occurs 
above 0.6p, and suggests strong contributions from atomic lines. 

4. The analysis near peak heating indicated that at the conditions of flight associ- 
ated with that Fire  11 experiment, the radiative heating in the wavelength ranges, 
X > 0.2~ and X < 0 . 2 p ,  is closely predictable by the theory of Allen adjusted to account 
for radiation cooling as calculated by the method of Olstad. 

5. The total stagnation heating rates  measured near peak heating by the Fire calo- 
r imeters  appear to be reasonably predictable at these flight conditions by the equilibrium 
radiation estimates of Allen, the empirical nonequilibrium radiation heating of Page and 
Arnold, and the convective heating of Cohen, the combined theories adjusted for radiation 
cooling and coupling effects as indicated by Olstad. 

6. The data from the F i re  11 experiment at conditions of reduced velocity and 
relatively high density indicate that the molecular theory of Breene and Nardone a r e  in 
close agreement with the Fire results at these conditions. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., December 6, 1966, 
714- 00-00- 01 - 2 3 .  
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APPENDIX A 

CORRECTIONS TO RADIOMETER DATA 

An unavoidable shortcoming of the calibration procedure for the Project F i re  total 
radiometers was the impossibility of duplicating in the laboratory the spectral distribu- 
tion of the gas radiance to which the instruments would be subjected in flight. In this 
appendix are discussed the methods by which correction factors for the radiometer data 
for both Fire I and Fire  II were determined. These corrections were based on the 
instrument calibration procedures and the optical elements of the radiometers and cal- 
ibration setup. 

When the Fire  I radiometer data were reduced (ref. l), the optics used in the flight 
instruments and laboratory calibration setup were assumed to be gray (that is, exhibiting 
constant spectral response over the applicable wavelength range, 0 . 2 ~  < X .c 4.0~). The 
Fi re  11 steradiancy levels 1, 
by using these same assumptions. Deviations from such spectral flatness that were 
recognized on the basis of commercial values of optical properties were used to estimate 
limits of precision for the F i re  I data. (See appendix A of ref. 1.) Recent measurements 
on similar radiometer components (spare units) have resulted in what is estimated to be 
more reliable values of optical properties for the flight components. Measurements have 
similarly been made of the properties of the components of the calibration setup. This 
postflight information is used in this appendix to determine correction factors by which 
to adjust the F i re  I data. 

t t  
from the original telemetry records (fig. 4) were obtained 

The measurements described, except for minor changes arising from the use of 
different optics in the calibration setup, were also used to reduce the F i re  11 data pre- 
sented in this report. A detailed description of the procedures used is given in 
reference 41. 

Stagnation Radio met e r 

The spectral distribution used in the calibration procedure resulted from the com- 
bined contributions of a heated carbon block source and the quartz optics (furnace window 
and focusing lenses) used to image the block a t  the intensity-measuring thermocouple. 
This lampblack thermocouple and the metal screen filters used in the F i re  I calibration 
were assumed to be spectrally flat. It was  also assumed that the carbon block emitted 
as a gray body with an emissivity of 0.9. The reflectance of the MgF2-coated aluminized 
beam splitter and the transmittance of the double lens for the stagnation radiometer were 
obtained f rom laboratory measurements. The gold black instrument thermopiles when 
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c'alibrated relative to the calibration thermocouple indicated but small differences in 
response and were therefore assumed to be gray. 

The calibration of the Fire  II radiometer differed in that inconel neutral density 
filters were used instead of the metal screens in the Fire I calibration setup. The spec- 
tral transmittance of these inconel filters was considered in determining the spectral 
shape of the calibration source for the Fire II instrument calibration. 

The instrument response to the laboratory calibration source may be determined 
from the following relationship: 

where the t e rms  of the equation representing, in part, the optical properties of the vari- 
ous components of the radiometer and calibration systems are defined in the list of 
symbols. The term FA representing the filter transmittance associated with the 
Fire 11 calibration procedure was considered to be constant in determing the Fire I cal- 
ibration response and therefore did not affect the value of Real calculated for that 
calibration. 

In order to determine the radiometer response during the flight experiments, it 
was necessary to estimate spectral distributions from the shocked air source in front of 
the Fire body. Instrument response during reentry is given by 

where IX represents the estimated spectral distribution of gas radiance and T~~ the 
transmission of the quartz window array. (The exponent N denotes the number of 
windows through which the radiation was viewed at  any particular time.) Molecular and 
continuum radiative heating estimates for the f i rs t  and second data periods were cal- 
culated from the absorption coefficients of reference 7. These estimates were supple- 
mented by estimates of line radiation obtained from reference 11. Reference 31 was 
used for the strong molecular contributions in the third data period. Nonequilibrium 
radiation estimates were obtained from references 17 and 18. 
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As a result of the postflight analysis, therefore, the Fire I stagnation radiometer 
data and calculated radiative heating rates presented in reference 1 must be adjusted by 
using the following equation: 

Data period 

F i rs t  
Second 
Third 

Corrected Fire I data = (Fire I data of ref. 1) (A3 ) 

Rcal/Rflt 

1.404 
1.398 
1.540 

where the ratio Rcal/Rflt 
instrument response during the flight experiment from that exhibited during the labora- 
tory calibration. Following a r e  tabulated the values of Rcal/Rflt that were used to 
adjust the Fire I stagnation data and heating rates in reference 1: 

is the correction necessary to account for the change in 

Data period 

F i r s t  
Second 
Third 

I 

Rca1 /%It 

1.295 
1.256 
1.400 

The initial steradiancy levels Ir" for F i re  11 which are indicated in figure 4 must 
be similarly adjusted to account for the optical behavior of the radiometer. The correc- 
tions may be determined by 

The resulting Fire 11 factors for  the stagnation radiometer were 
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APPENDIX A 
. Because of the body motions experienced during the second and third data periods 
of the Fire I reentry, the radiation data obtained by the offset and afterbody radiometers 
.at those times were considered to be unreliable. During the first  data period, however, 
prior to the onset of the motions, the Fire  I records were good and the data were 
reported in reference 1. The estimated spectral distribution Ix for determining Rflt 
at the offset location was assumed to be the same as that for the stagnation region. A 
correction factor of Rcal/Rflt equal to 1.077 was  calculated for the offset radiometer 
data and heating rates for the f i rs t  data period of Fire I. I 

i 

The factors by which the indicated offset radiometer steradiancies for the Fire  II 
experiment must be corrected are 

t 

First 1.023 
Second 1.016 L1__1 Third 1.072 

Because of the difficulty in estimating a spectral distribution suitable for the after- 
body radiometer during reentry, no correction factor was considered for  those radiation 
data for either flight. In the afterbody region of the flow field, the temperature of the 
plasma is significantly reduced and has been estimated (refs. 23, 24, and 29) to be around 
3000° K. Because of these low temperatures which more nearly approach the level of 
the source used for the instrument calibration (2500O K), and because of the smaller 
resulting correction factors for the instruments with aluminum mirrors,  the afterbody 
data were not considered to require correction, 

I 
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FIRE II ERROR ANALYSIS 

The accuracy of the Fire  11 radiative heating rates  presented in this report was 
calculated by using the same maximum deviation approach that was employed in refer- 
ence 1 for the F i re  I results. Three principal sources of e r r o r  were investigated: 

Radio meter calibration 
(a) Spectral response of components of instrument and calibration setup 
(b) Estimate of spectral distribution of gas steradiancy for the flight 

experiment 

Flight telemetry e r r o r  

Readability of reduced data 

Radio meter Calibration 

A detailed postflight analysis was made to determine the maximum deviations 
attributable to item l(a) for the four flight instruments (three total and one spectral radi- 
ometer). The details of this study a r e  reported in reference 41. It was concluded in 
that report that the following deviations were applicable to the flight instruments: 

All total radiometers . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *lo percent 
Spectral radiometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *20 percent 

A maximum deviation of *lo percent was assumed for item l(b) for the three total 
radiometers in all three data periods. This value appeared to reflect adequately the dif- 
ferences that still may be inferred from the various theoretical spectral distributions. 
The value of in equation (A2) is, in any event, fairly insensitive to this assumed 
value of absolute intensity Ix. For the spectral  radiometer, item l(b) does not apply 
inasmuch as there is essentially no averaging of spectral  distribution necessary over its 
narrow 0 .002~  instrument bandpass. 

Flight Telemetry Error  

This section deals solely with the accuracy of the flight telemetry system. The 
system was estimated to be accurate within *2 percent of voltage reading for the total 
and spectral radiometer data. This deviation for  the telemetry bandwidth corresponding 
to 5 volts full  scale indicated that the data recorded at ground receiving stations were 
accurate to within *0.1 volt. The maximum deviations in intensity level tabulated below 
were estimated from the voltage variations indicated by the instrument calibration 
curves: 
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Instrument 

. Stagnation total 
Offset to tal 
Stagnation spec t r a1 

F i rs t  data period Second data period Third data period 

*lo percent *15 percent *lo percent 
*10 percent *20 percent *20 percent 
*10 percent *lo percent *lo percent 

Instrument 

Stagnation total 
Offset total 
Stagnation spectral 

F i r s t  data period Second data period Third data period 

*lo percent *lo percent *lo percent 
*lo percent *20 percent *20 percent 
*5 percent +8 percent +12 percent 

-5 percent - 5 percent 



Instrument 

Stagnation total 

Off set  total 

Stagnation spectral 

F i r s t  data period Second data period Third data period 

+46 percent +53 percent +46 percent 
-34 percent -38 percent -34 percent 
+46 percent +74 percent +74 percent 
-34 percent -48 percent -48 percent 
+39 percent +43 percent +48 percent 
-32 percent -32 percent -32 percent 
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Instrument F i rs t  data period Second data period 

Stagnation total *20 percent *23 percent 
Offset total *20 percent lt32 percent 
Stagnation spectral *23 percent +24 percent 

-23 percent 

Third data period 

*20 percent 
*32 percent 
+25 percent 
-23 percent 
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DATA ANALYSIS OUTSIDE PRIME DATA PERIODS 

In figure 13 a r e  indicated the complete record of the stagnation total radiometer 
(0.21-1 < X < 4.01.1) and the integrations of the spectral radiometer data a t  the same loca- 
tion. The wavelength ranges for the forward and reverse scans of the spectral instru- 
ment a r e  repeated below: 

Forward scan: 0.3~ < X < 0.5575,~ 

Reverse scan: 0.3,~ < X < 0.609,~  

levels in the plasma incident at the stagnation point of the reentry pack- 

intended here. In particular, geometry factors for the plasma must be excluded in 
dealing in a composite fashion with a radiating clean transparent air plasma, absorbing 
ablation products, and glowing forward windows. 

. 1 *r_. - - - -_ _I> 

All-radiatioff has been reduced to units of watts/centimeter2-steradian and represents 
* 

ion to steradiancy units is necessary in making the type of analysis 

The total radiometer levels Ir indicated in figure 13 have been adjusted for the 
instrument calibration correction (appendix A) and window transmission. In these 
respects, they represent a transcription from the fairing made through the raw data 
shown in figure 4. For those regions of the record outside the three primary data 
periods, no calibration correction could be made. In the absence of any definable spec- 
tral distribution for the ablation products and/or window radiation, the assumption was 
made that such emission would reasonably approximate that of the infrared instrument 
calibration source, and thus obviate any such correction. 

radiometei.:symbols . .-I. indicate the data obtained during the three primary experimental 
-pesiods. T%ese periods _covered times-when clean calorimeters were exposed and the 
temperature of the outer surface of the quartz window in the exposed calorimeter was  
calculated to be still below the melting point. These .experimental period data, reduced 
to heating rates, are also shown in figure 5. The total radiometer record in figure 13 
also embodies a fairing through certain regions of the record where the low-amplitude 
high-frequency body motions were prominent; the initial data record shown in figure 4 
for the three total radiometers indicates all the motions. The discussion that follows 
covers chronologically the sequence of significant events affecting the interpretation of 
the radiometer records in figures 4 and 13. 

The dashed portions of the total radiometer record and the blackened spectral 
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1636.47 seconds: The quartz window in the first calorimeter was estimated to . 

have reached surface melt; thereby, the termination of the radiation experiment for the 
first data period was  signaled. 

1636.47 to 1642.47 seconds: During this period, the forward quartz window con- 
tinued to deteriorate. The radiation from a glowing window would not be expected to 
produce much more than 5 to 10 percent of the measured radiation levels at these times. 
This result, coupled with the absence of any abrupt changes in signal between 1636.47 
and 1639 seconds, tends to imply a condition of partial transparency for the exterior 
window through that period of time. 

The stagnation calorimeter reached surface melt a t  approximately 1639.92 seconds. 
(See ref. 12.) The onset of the body motions occurred at 1640.35 seconds. These two 
events both correspond very closely to a strong "blackout" of signal on both the stagna- 
tion and offset radiometers at 1640.44 seconds. It is estimated that the three events 
(calorimeter melt, body motions, and signal "blackout") are closely related; that is, the 
body motions may well have resulted from unsymmetrical melting of the beryllium calo- 
rimeter. The radiation "blackout" (which occurred on both the total and spectral radi- 
ometers at the stagnation point) could have resulted from the flowing beryllium. This 
theory is supported to a degree by the slight enhancement of signal on the afterbody 
radiometer. 

During the period prior to "instrument blackout," the integrated spectral radiom- 
eter radiation may be observed to have decreased with increasing time whereas the 
stagnation total radiometer signal continued to increase during this same period. This 
condition suggested a shift in source radiance to the infrared wavelengths which indi- 
cated the possibility of the presence of radiation from either ablation products or  the 
deteriorating windows. It was not possible to determine when the window in the first 
phenolic asbestos heat shield became exposed, but it might have occurred at the time 
indicated by signal recovery (1641.30 sec). 

The body motions during these times were of a coning nature exhibiting maximum 
angles of attack of approximately 5O. 

1642.47 to 1642.90 seconds: Second data period (see appropriate section in 
report). The signal indicating the actual heat-shield ejection may be seen in figures 4 
and 13. The stagnation and offset radiometer records indicated sharp drops in signal as 
the shields slid away and passed the windows. The afterbody record indicated a slight 
enhancement of signal (fig. 4) immediately afterward; this response is one of the few 
recorded by the insensitive afterbody radiometer. 

1642.90 to 1648.16 seconds: The body motions continued at about the same magni- 
tude and still exhibited a coning action. The second calorimeter reached surface melt 
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between 1645.0 and 1645.3 seconds. A slight disturbance may be noted on figures 4 
and 13 at the later time but no appreciable changes in body motions resulted in this 
instance. The offset radiometer signal, however, deteriorated considerably a t  this 
point and remained so for the next 2 seconds. (See fig. 4.) 

At 1646.2 seconds the stagnation total radiometer traced out a "hump" lasting 
about 1 second. It is felt that the signal enhancement indicated here corresponded to the 
exposure of the second phenolic heat-shield window. The expected increase in transmis- 
sion and the more clear definition of the body motions tend to substantiate this premise. 
A sizable drop in the stagnation total radiometer signal of about 0.1-second duration 
occurred midway in the "hump." This drop may have resulted from some momentary 
contamination on the window. 

At approximately 1647.54 seconds occurred what was probably the brightest flash 
observed from the downrange ground stations during the entire reentry. (See refs. 32 
and 33 for a complete analysis of the optical ground coverage.) It was recorded as well 
on all four onboard radiometers. In reference 32, the flash was identified as the flaring 
up and burning off of a segment of beryllium. This result is substantiated by the data 
reported in reference 33 which indicate B e 0  to be the prime radiator at this instant. 

1648.16 to 1648.50 seconds: Third data period (see appropriate section in report). 
The heat-shield ejection is indicated rather clearly by a drop in signal on the offset 
radiometer trace and verified on the afterbody radiometer record immediately after- 
ward. (See fig. 4.) 

1648.50 to 1652.0 seconds: Throughout most of this period, the spectral radiom- 
eter integrations a re  indicated to contribute about 50 percent of the amount of radiation 
indicated by the total radiometer. At the beginning of this interval, a "hump" similar 
in nature to that observed at 1647 seconds would tend to indicate a possible loss of win- 
dow in the third beryllium calorimeter. However, the calorimeter itself was estimated 
to have remained intact until about 1653 seconds, individual sections surviving through 
the remainder of the reentry (ref. 13). It was primarily because of this anomaly that 
the third-data-period analysis was shortened to one-half the estimated window lifetime. 
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Figure 2.- Location of radiometers and windows. 
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Elapsed time from launch, sec 

(a) Early reentry. 

Figure 4.- Fire I I steradiancy levels reduced f rom or ig inal  telemetry record. 
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Elapsed time from launch, sec 

(b) Peak heating and later reentry. 

Figure 4.- Concluded. 
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Figure 9.- Stagnation steradiancy at surface of F i re  reentry package obtained from the  integration of the  Fire I and F i re  II spectral 
radiometer scans. 
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Figure 14.- Comparison of experimental results on stagnation-point equi l ibr ium a i r  radiative emission ( h  > 0.2Ld. 
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Figure 15.- Method for estimation of vacuum-ultraviolet radiation (A < 0.2~) from Fire I I calorimeter and radiometer experimental results. I 
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Figure 16.- Comparison of theoretical estimates of vacuum-ultraviolet radiative heating w i t h  values deduced from Fire I I second data 
period experiment at t = 1642.65 seconds. 
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